Heat-treated -glutamyltranspeptidase of Escherichia coli recovered enzymatic activity after incubation at 4 C, while heat-treated -glutamyltranspeptidase of Bacillus subtilis did not. Fluorescent spectra, CD spectra, and native polyacrylamide gel electrophoresis analysis suggested that the dimer of E. coli -glutamyltranspeptidase was separated into protomers by heattreatment, but was renatured by incubation at 4 C.
-Glutamyltranspeptidase (GGT) (EC 2.3.2.2) is found in many organisms, from bacteria to human beings.
1) It catalyzes the hydrolysis of the -glutamyl linkages of various -glutamyl compounds and the transfer of their -glutamyl moiety to other amino acids and peptides to form various -glutamyl compounds. 1) The amino acid sequences of the GGTs found in many organisms are conserved. 2, 3) GGT is translated as an inactive precursor protein, and then cleaved into the active enzyme with a large subunit and a small subunit by post-translational autocatalytic processing. 4, 5) The oxygen atom of the newly generated N-terminal Thr-residue (Thr-391 in case of E. coli GGT) of the small subunit is the nucleophile in the enzymatic reaction. 2, 6) The E. coli GGT and B. subtilis GGT used in this study have high homology, with 39% identity in their amino acid sequences.
3) However, B. subtilis GGT is different from E. coli GGT in structure, as for example in an insertion composed of 12 amino acids in C-terminal region of the large subunit and a deletion composed of 10 amino acids in the small subunit.
During our study of E. coli GGT (molecular mass of the large subunit, 39,198 Da, and that of the small subunit, 20,010 Da), we happened to find that heatinactivated E. coli GGT left at 4 C had high GGT activity the next day. In this study, we confirmed this and made a comparison with B. subtilis GGT.
GGT of E. coli K-12 was purified from the periplasmic fraction of strain SH642 7) by PBE 94 column (GE Healthcare, Bio-Sciences, Pittsburgh, PA), as described previously. 8) B. subtilis GGT was expressed in E. coli strain CY168 9) (F À Ággt-2 rpsL recA56 srl300::Tn10/ pCY167). Plasmid pCY167 (ColE1 ori bla þ lacI q rrnBT1 T5p-ggt B: subtilis ) was a derivative of pQE-80L (Qiagen, Valencia, CA) harboring a signal peptide and large and small subunits of B. subtilis GGT following the initiation codon, but it does not have a His-tag. That is, the nucleotide sequence within the open reading frame was exactly the same as the wild-type B. subtilis ggt gene. B. subtilis GGT was purified from the periplasmic fraction of strain CY168 by Gigapite column (Seikagaku Kogyo, Tokyo), as described previously. 10) Enzyme activity (transpeptidation activity) was assayed by measuring the amount of p-nitroaniline released from -glutamyl-p-nitroanilide as described previously. 8) One unit of enzyme activity was defined as the amount of the enzyme that releases 1 mmol of pnitroaniline per min at 37 C. The protein concentration of GGT was determined by the method of Lowry et al. 11) using bovine serum albumin as standard.
Thermal inactivation of GGT was performed by incubating 500 mL of 0.1 mg/mL of GGT in 20 mM TrisHCl (pH 8) in a thin-wall vial at various temperatures (42 to 95 C) for 5 min. After heat treatment, the samples were immediately cooled on ice, and then kept at 4 C. Enzyme activity was checked at the indicated times. As shown by a black bar in Fig. 1 , the enzyme activity of E. coli GGT was reduced to 45% by heating at 55 C, while that of B. subtilis GGT retained activity under the same condition. This indicates that B. subtilis GGT is more stable than E. coli GGT. However, E. coli GGT showed gentle slopes in plots of residual activity vs. temperature, and retained about 10% of its original activity even after heating at 95 C, while B. subtilis GGT activity decreased quickly at higher temperatures, and retained only about 5% of original activity at temperatures higher than 75 C. The recovery of enzyme activity after denaturation at various temperatures and incubation at 4 C was examined. The activity of E. coli GGT recovered, and reached 80-90% after 2 d of incubation ( Note activity, and activity was decreased further by incubation at 4 C. We suspected that denatured E. coli GGT protein was renatured during incubation at 4 C and hence that its activity recovered.
In order to confirm the denaturation and renaturation of E. coli GGT, fluorescence spectra of native and denatured GGTs (0.1 mg/mL in 20 mM Tris-HCl, pH 8) were recorded with a Hitachi F-4500 spectrophotometer with an excitation wavelength of 280 nm at room temperature. As shown in Fig. 2A , the maximum fluorescence of E. coli GGT decreased and shifted from 327 nm to 333 nm after heating at 75 C for 5 min.
However, the decreased intensity and shift in the maximum fluorescence due to heat treatment recovered after 1 d of incubation at 4 C. These results coincide well with the recovery of enzyme activity. In contrast, in the case of B. subtilis GGT, the decreased fluorescent intensity after heat treatment did not recover, and decreased further due to incubation at 4 C, suggesting irreversible aggregation of the protein (Fig. 2B) .
Renaturation of the secondary structure of E. coli GGT (0.1 mg/mL in 20 mM Tris-HCl, pH 8) after heat treatment at 75 C for 5 min was also confirmed by CD spectra recorded with a JASCO J-720 spectropolarimeter Fluorescence spectra of E. coli GGT (A) and B. subtilis GGT (B) at an excitation wavelength of 280 nm, and CD spectra of E. coli GGT (C) were recorded. Native, heat-treated, 1 d, and 2 d indicate native GGT, GGT just after heat treatment at 75 C for 5 min, GGT renaturated after incubation at 4 C for 1 d, and for 2 d, respectively. Native PAGE followed by Western blotting (D) using rabbit anti-E. coli GGT antibody was performed as described previously, 4) because the bands were not detectable by Coomassie. Lane 1, before heat treatment; lane 2, just after heat treatment; lane 3, GGT kept at 4 C for 1 d after heat treatment; lane 4, GGT kept at 4 C for 2 d after heat treatment.
equipped with a temperature-controlling liquid system. CD spectra obtained at a scanning speed of 20 nm/min at 25 C were accumulated 4 times. As shown in Fig. 2C , the peak around 222 nm obtained from native E. coli GGT was attenuated by heat treatment, but it was restored by 2 d incubation at 4 C, even though restoration was not complete. The peak around 208 nm appeared after heat treatment and did not disappear even after 2 d. We think this peak depends on the irreversible aggregate. The overall results suggest that the secondary structure of E. coli GGT was renaturated from the thermal denaturated form, but not completely. Native, heat treated, and renatured GGT samples were analyzed by native polyacrylamide gel electrophoresis (PAGE), followed by Western blot analysis (Fig. 2D) . A protein concentration of 0.1 mg/mL was used in this heat treatment and in the renaturation experiment because the best recovery ratio can be obtained at this protein concentration (data not shown). And at this concentration, we did not detect the protein band by Coomassie staining. Just after heat treatment, the band at the native GGT position (band a) decreased and a new band was formed (band b). Using much higher protein concentration, this band was confirmed to contain only the large subunit. That is, the band was further subjected to SDS-PAGE followed by Coomassie staining (data not shown). It might be that the large subunit associated with itself, but we did not check further. There was no obvious band that consisted only of the small subunit, although our polyclonal antibody can bind to the large subunit and the small subunit. During incubation at 4 C, this new band decreased and native band increased. This result coincides with the enzyme activity. As suggested by the CD spectra data, some GGT molecules did not recover their secondary structures completely even when the dimer form was reconstituted. That the enzyme activity decreased very much just after heat treatment even though much protein remained at the native GGT position (band a) can be explained in the same way. These results indicate that E. coli GGT separates into two protomers under heat treatment, and that it can be reconstituted by incubation at 4 C. This could not be confirmed for B. subtilis GGT, because it gave a smeared band on native PAGE, though it gave two distinct bands on SDS-PAGE.
To understand better the factors underlying renaturation (the hetero-dimer reconstitution) efficiency, we analyzed the surface potentials of the various GGT protomers. In the large subunit of the E. coli GGT, the surface at the hetero-dimeric interface was highly negatively charged (Fig. 3A middle panel) . Coordinately, the positively charged patches distributed widely across the small subunit of E. coli GGT (Fig. 3A left  panel) . In contrast, in the B. subtilis GGT protomers, the corresponding areas were electrostatically more neutral than those of E. coli GGT (Fig. 3B left and middle  panels) . Electrostatic complementarity, as seen for the E. coli GGT protomers, probably facilitates heterodimer reconstitution. Furthermore, structural features of the large subunit might also affect the renaturation process. The large subunit of B. subtilis GGT has a unique long loop in the C-terminal segment.
3) The extra 12 residues (Gln391-Gln402) are located near the hetero-dimer interface (Fig. 3B right panel) , and most of the residues in this loop were disordered in the activedimeric form, 3) whereas the C-terminal region of the E. coli GGT large subunit was located far from the dimeric interface and was fixed by helix-helix interaction (Fig. 3A right panel) . Therefore, the flexible extra long loop at the dimer interface in B. subtilis GGT might cause steric perturbation during the course of the reconstitution process of active hetero-dimer formation.
